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Phosphatidylglycerol (PG) is the major phospholipid of plant chloroplasts. PG from Arabidopsis
thaliana has an unusual fatty acyl chain, 3-trans-hexadecenoyl (316:1) in the sn-2 position of
the major 18:3/316:1-PG species, as well as in 18:2/316:1-PG and 16:0/316:1-PG. Upon
low-energy collisionally activated dissociation (CAD) in a tandem quadrupole or in an ion-trap
mass spectrometer, the [M – H] ions of the PG molecules containing 316:1 give product-ion
spectra that are readily distinguishable from those arising from PGs without the 316:1 species.
The 316:1-fatty acyl-containing PGs are characterized by MS2 product-ion mass spectra that
contain predominant [M – H – 236] ions arising from loss of the 316:1-fatty acyl substituent
as a ketene. This is attributable to the fact that the -hydrogen of the 316:1-fatty acid
substituent involved in the ketene loss is an allylic hydrogen, which is very labile. This leads
to preferential neutral loss of 236 and drastic decline in the neutral loss of 254 (i.e., loss as a
fatty acid), the unique features that signify the presence of 316:1-fatty acyl containing PGs.
The neutral loss scan of 236, thus, provides a sensitive tandem quadrupole mass spectrometric
means to identify 316:1-containing PG species in lipid mixtures. This low-energy tandem
mass spectrometric approach also permits the structures of the Arabidopsis PGs that consist of
two isomeric structures to be unveiled. (J Am Soc Mass Spectrom 2007, 18, 783–790) © 2007
American Society for Mass SpectrometryPhosphatidylglycerol (PG) is the major phospho-lipid of plant chloroplasts and about 85% of PG inArabidopsis thaliana leaves is localized in the chlo-
roplast. PG is thought to play an important role in the
ordered assembly and structural maintenance of the
photosynthetic apparatus in thylakoid membranes
[1– 4]. It is required in photosystem II of photosynthesis
[5, 6]. The chloroplast membranes of all photosynthetic
eukaryotes contain a high proportion of the unusual
fatty 3-trans-hexadecenoic acid [316:1 or C16:1(3t)],
which is always found esterified to the sn-2 of glyc-
erol backbone of PG [7–10]. The   3 16:1 acid is the
product of the activity of a phosphatidylglycerol fatty
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doi:10.1016/j.jasms.2006.12.012acid desaturase, FAD4 (EC 1.14.99.*), which acts
exclusively on fatty acyl chains in the sn-2 position of
PG in plant plastids, probably in the thylakoid mem-
branes [11–14]. Indeed,   3 16:1 is believed to be found
only in the photosynthetic membranes of eukaryotes
[15].
The biological relevance of 3-trans-hexadecenoic acid
in PG has been studied. For examples, loss of 316:1 fatty
acid in mutants of Chlamydomonas reinharditii resulted in
lack of proper assembly of the light-harvesting complexes
associated with photosystem II [6, 15]. Removal of 316:1
fatty acid from PG by phospholipase-A2 treatment of
isolated thylakoids was reported to alter the efficiency
of light capture and to change the kinetics of fluores-
cence induction [16]. In addition, Chapman et al. re-
ported that triazine-resistant plants have a higher level
of PG-containing 316:1 fatty acid in membrane frac-
tions enriched in photosystem II [17]. Low-temperature
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784 HSU ET AL. J Am Soc Mass Spectrom 2007, 18, 783–790treatments also induce an increase in the relative con-
tent of both linolenic and 3-trans-hexadecenoic acids in
thylakoid membrane PG of squash cotyledons [18].
The 3-trans-hexadecenoic acid is atypical because of the
trans configuration, and because of the position of
the double-bond near the carboxyl (at C3) rather than the
methyl end of the fatty acid. The 3-trans-hexadecenoic acid
was also found in seaweed [19], in which the structure
was established by GC as its fatty acid methyl ester, as
well as by GC/MS of the dimethyl-oxazoline derivative
[19, 20]. Although structural studies on PG using tan-
dem quadrupole mass spectrometry have been previ-
ously reported [21, 22], plant PG species containing
3-trans-hexadecenoic acid at sn-2 have been identified at
the true molecular species level only by a derivatiza-
tion/HPLC method [23]. Herein, we describe the utili-
zation of tandem quadrupole and multiple-stage quad-
rupole ion-trap mass spectrometry to discern the
fragmentation mechanism underlying the unique pat-
tern of product ion formation by PGs containing 316:1.
The presence of the 316:1-fatty acid at the sn-2 position
in PG results in a product-ion spectrum readily distin-
guishable from that obtained from PG that does not
contain 3-trans-hexadecenoic acid.
Materials and Methods
Materials
Leaves of Arabidopsis thaliana, ecotype Columbia, were
placed in 1 volume isopropanol with 0.01% butylated
hydroxytoluene (as an antioxidant) at 75 °C (1 leaf per
mL isopropanol). After 15 min in hot isopropanol, 0.5
volumes chloroform and 0.2 volumes water were
added. The tubes were agitated for 1 h, followed by
removal of the extract. The leaves were re-extracted
with 1 volume chloroform:methanol (2:1) with 0.01%
butylated hydroxytoluene five times with appropriately
30 min shaking each time. Solvent was evaporated from
the combined extracts, and the residue was dissolved in
chloroform. Activated silicic acid (Unisil, Clarkson
Chemical Co., Williamsport, PA) was mixed with chlo-
roform and packed into a column. The leaf extract was
applied to the column and eluted in five fractions:
Fraction I, chloroform:acetone (1:1, vol/vol; 5 column
volumes); Fraction II, acetone (10 column volumes);
Fraction III, chloroform:methanol (19:1, vol/vol; 10 col-
umn volumes); Fraction IV, chloroform:methanol (4:1,
vol/vol; 10 column volumes); Fraction V, chloroform:
methanol (1:1, vol/vol; 20 column volumes) (modified
from [24]). Fraction V, which was enriched in PG,
phosphatidylcholine, and phosphatidylinositol, and
also containing phosphatidylethanolamine and phos-
phatidylserine (results not shown), was used in all
experiments. PG standards were purchased from
Avanti Polar Lipids, Inc. (Alabaster, AL). All other
chemicals were purchased from Fisher Scientific (Pitts-
burgh, PA).Mass Spectrometry
Low-energy CAD tandem mass spectrometry experi-
ments were conducted both on a Finnigan (San Jose,
CA) LCQ DECA ion-trap (IT) mass spectrometer with
the Xcalibur operating system and on a Finnigan TSQ-
7000 triple-stage quadrupole (TSQ) mass spectrometer
with ICIS operating system. Fraction V of the plant lipid
extract and methanolic PG standard solution were
infused (3 L/min) to the ESI source, where the skim-
mer was set at ground potential, the electrospray needle
was set at 4.5 kV, and temperature of the heated
capillary was 260 °C. The automatic gain control of the
ion trap was set to 5  107, with a maximum injection
time of 400 ms. Helium was used as the buffer and
collision gas at a pressure of 0.75 mTorr. The MSn
experiments were carried out with a relative collision
energy ranging from 30 to 40% and with an activation
q value at 0.25. The activation time was set at 100 ms.
Mass spectra were accumulated in the profile mode,
typically for 3 to 5 min for MS2- and MS3-spectra. The
mass resolution of the instrument was tuned to 0.6 Da
at half peak height.
For product-ion spectra obtained with a TSQ instru-
ment, the precursor ions were selected in the first
quadrupole (Q1), collided with Ar (2.3 mTorr) in the
rf-only second quadrupole (Q2), and analyzed in the
third quadrupole (Q3). The collision energies were set
at 32 eV. Both Q1 and Q3 were tuned to unit mass
resolution and scanned at a rate of 3 s/scan. The mass
spectra were accumulated in the profile mode, typically
for 5 to 10 min for a tandem mass spectrum.
Results and Discussion
The ESI full scan mass spectrum of the lipid extract
obtained with a TSQ instrument in the negative-ion
mode contains several deprotonated ([M – H]) PG
species at m/z 719, 721, 741, 743, 745, 747, and 757
(Figure 1a). The spectrum is identical to that obtained
with an IT instrument in the enhanced scan mode
(zoom scan) (Figure 1b), which shows a low baseline
and a well-resolved spectrum. The profile of the tandem
mass spectrum obtained by neutral loss scan of 236
(Figure 1c) is also similar but this scan is selective, as
will be discussed below. PG species consisting of two
isomeric structures were observed (Table 1). The struc-
tural characterization and the mechanism(s) underlying
the fragmentation processes under low-energy CAD are
described below.
The Fragmentation Processes Revealed by MSn
(n  2, 3) Tandem Mass Spectrometry
The formation of an ion corresponding to loss of a fatty
acid substituent as a ketene (i.e., [M – H – R=xCHCO])
from a phospholipid is thought to be a charge-driven
fragmentation process (CDF) involving participation of
the -hydrogen of the fatty acid substituent [15]. The
nt at
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gen of the fatty acid substituent, leading to the ketene loss
(Scheme 1a). This fragmentation process probably is steri-
cally more favorable with the fatty acid substituent at the
sn-2 than with that at the sn-1 position, resulting in the
preferential formation of the ion at m/z 483 ([M – H –
R=2CHCO]) over the ion at m/z 481 ([M – H –
R=1CHCO]) in the MS2 product-ion spectrum of the
[M – H] ion of 1-palmitoyl-2-palmitoleoyl-sn-glycero-3-
phosphoglycerol (16:0/916:1-PG) at m/z 719 (Figure 2a).
The phosphate charge site also renders nucleophilic attack
more favorable on C2 than C1 of the glycerol backbone
Figure 1. The full scan mass spectra of the l
(a) a tandem quadrupole, and (b) an IT instrum
same mixture acquired by CNL of 236, exhib
substituent, mainly a 316:1-fatty acid substitue(Scheme 1b), resulting in the m/z 253 ion (R2CO2
) beingmore abundant than m/z 255 (R1CO2
). These features in
the product-ion spectra are readily applicable for determi-
nation of the fatty acid substituent identities and their
positions on the glycerol backbone [22, 25]. The spectrum
also contains ions atm/z 465 and 463, arising from losses of
the fatty acid substituents as acids. The former ion is more
abundant than the latter, consistent with the notion that
the fatty acyl species in the sn-2 position (916:1) is more
readily lost.
The product-ion spectrum of the ion at m/z 719 from
the lipid extract (Figure 2b) obtained with the same
collision energy using a TSQ instrument is readily distin-
extract from plant chloroplasts obtained with
anel (c) shows the tandem mass spectrum of the
the PG species that contain a 16:1-fatty acid
sn-2 in the mixture.ipid
ent. P
itingguishable from that arising from the 16:0/916:1-PG
786 HSU ET AL. J Am Soc Mass Spectrom 2007, 18, 783–790standard (Figure 2a), consistent with the fact that the
ion represents a 1-palmitoyl-2-(3-trans)-hexadecenoyl-sn-
glycero-3-phosphoglycerol (16:0/316:1-PG) [21]. Both
the ions at m/z 253 and 255 are less prominent and the
ion at m/z 253 is less abundant than the ion at m/z 255,
a reversal in acyl anion abundances compared with
those observed for 16:0/916:1-PG. The ion at m/z 483
[M – H – R=2CH  CO], arising from loss of the
316:1-fatty acid as a ketene is the most prominent.
The dominance of the ion at m/z 483 is in accord with
the decline of the ion at m/z 253, and consistent with the
notion that the -hydrogen of the fatty acid substituent
participates in the ketene loss [22]. The -hydrogen of
the 316:1-fatty acid substituent at sn-2 is situated
between a carbonyl group and a carbon-carbon double-
bond. Thus, it is an allylic hydrogen and is very labile.
Table 1. Composition of PG from plant chloroplastsa
[M - H] Structure
Relative abundance
(% of base peak)
719.6 16:0/316:1-PG 15
721.6 16:0/16:0-PG 5
741.6 18:3/316:1-PG 100
743.6 18:2/316:1-PG &
18:3/16:0-PG
50
745.6 18:2/16:0-PG &
18:1/316:1-PG
10
747.6 18:1/16:0-PG &
18:0/316:1-PG
8
757.6 h18:3/316:1-PGb 6
aData are derived from product-ion analysis with IT and TSQ mass
spectrometers.
bh denotes hydroxylated.SchemeTherefore, the fragmentation process leading to loss of
the 316:1-fatty acyl ketene (Scheme 1a) is the most
facile pathway.
The CDF process leading to ketene loss (Scheme 1a)
competes with the CDF process that leads to acyl anions
by nucleophilic substitution (Scheme 1b). Because loss
of the 316:1-fatty acid at sn-2 as a ketene is the most
facile pathway, the process leading to formation of
R2CO2
 at m/z 253 becomes less favorable. However, the
process leading to m/z 481 due to loss of the 16:0-fatty
acid substituent at sn-1 as a ketene (Scheme 1a) is less
facile than that leading to the R1CO2
 anion at m/z 255
(Scheme 1b), attributable to the fact that the -hydrogen
of the 16:0-fatty acid is less labile. The very facile ketene
loss of the sn-2 substituent in the PG containing sn-2
316:1 leads to a higher ratio of the R1CO2
 ion to the
R2CO2
 ion than observed for phospholipids not con-
taining an allylic -hydrogen in the sn-2 fatty acid
(Figure 2b versus 2a).
The MS2 product-ion spectra of 16:0/916:1-PG
(Figure 2c) and 16:0/316:1-PG (Figure 2d) obtained
with an IT instrument are similar to those obtained with
a TSQ. However, the carboxylate anions at m/z 253 and
255 are of low abundance, and the ions at m/z 463 and
465 arising from losses of the fatty acid substituents are
more abundant, consistent with the notion that the
fragmentation processes in an ion-trap are initiated by
resonance excitation so that consecutive fragmentations
induced by multiple collisions, as seen in an TSQ
instrument, are minimal.
The ions at m/z 465 (719 – R2CO2H) and 463 (719 –
R1CO2H) gives rise to ions at 391 and 389, respectively,1
787J Am Soc Mass Spectrom 2007, 18, 783–790 TANDEM MS OF PLANT CHLOROPLAST PHOSPHATIDYLGLYCEROLby loss of a C3H6O2 residue. The fragmentation pro-
cesses are supported by the IT MS3-spectra of the m/z
465 (719 ¡ 465) (Figure 2e) and 463 (719 ¡ 463) ions
(not shown), which are dominated by the ions at m/z
391 (Figure 2e) and 389, respectively. The ions at m/z 391
(483 – 92) and 389 (481 – 92) can also arise from m/z 483
and 481, respectively, by elimination of a glycerol
residue. However, these fragmentation pathways are
less favorable, as revealed by the IT MS3-spectra of m/z
483 (719 ¡ 483) (not shown). The ions at m/z 391 and
389 also give rise to the ions at m/z 255 and 253,
respectively, by neutral loss of 136 [22, 25, 26]. These
data suggest that, in the TSQ product-ion spectra, the
carboxylate anions atm/z 255 and 253 of 16:0/916:1-PG
(Figure 2a) and 16:0/316:1-PG (Figure 2b) can arise
from consecutive fragmentations in addition to the
Figure 2. The TSQ product-ion spectra of (a)
sponding IT MS2 spectra of (c) 16:0/916:1-PG, (d
465 (719 ¡ 465) (e) illustrates that the ions at m
and the ion at m/z 391, which is a precursor
sequential fragmentation of m/z 465. Panel (f) is t
is similar to the spectrum shown in (b), suggesti
found in the PG extract.nucleophilic substitution pathway shown in Scheme 1b.This is consistent with the low abundance of the car-
boxylate anions and the higher abundance of the ions at
m/z 465/463 and 391/389 in the IT MS2 product-ion
spectra (Figure 2c and d).
The ion at m/z 741 (Figure 1) undergoes fragmenta-
tion processes similar to 16:0/316:1-PG and gives rise
to a product-ion spectrum similar to that shown in
Figure 2b. The spectrum (Figure 2f) is dominated by the
ion at m/z 505 (741 – 236) corresponding to loss of a
16:1-fatty acid substituent as a ketene and analogous to
the m/z 483 ion in Figure 2b. The profile of the MS2-
spectrum obtained with an IT instrument (data not
shown) is similar to that shown in Figure 2d. The results
indicate that the compound consists of a 316:1-fatty
acid substituent, most likely at sn-2. The ions at m/z 481,
arising from loss of 18:3-fatty acid as a ketene and at m/z
916:1-PG, (b) 16:0/316:1-PG, and the corre-
/316:1-PG. The MS3-spectrum of the ion atm/z
, 171, and 153 that are characteristic ions of PG
f the carboxylate anion at m/z 255 arise from
oduct-ion spectrum of the ion at m/z 741, which
e presence of 18:3/316:1-PG, the major species16:0/
) 16:0
/z 227
ion o
he pr
ng th277, corresponding to an 18:3-fatty acid anion, are also
788 HSU ET AL. J Am Soc Mass Spectrom 2007, 18, 783–790present in the spectrum, suggesting that an 18:3 fatty
acid substituent resides at sn-1. The spectrum also
contains ions at m/z 227, 209, 171, and 153, ions com-
monly observed for PG [15], confirming that the ion
represents 18:3/316:1-PG.
Characterization of PG Consisting of Isomeric
Structures
Product-ion analysis revealed two isomeric structures
for the ions at m/z 743, 745, and 747 (Table 1). Determi-
nation of the structures is exemplified by the ion at m/z
743. The MS2 product-ion spectrum obtained with a
TSQ instrument (Figure 3a). contains ions at m/z 227,
209, 171, and 153 that are diagnostic ions for PG, along
with two pairs of the carboxylate anions at m/z 255/277
and 279/253, indicating that the ion may consist of
18:3/16:0-PG and 18:2/16:1-PG isomers. The 18:3/16:
0-PG structure is recognized by the observation of the
ions at m/z 505 and 487, arising from loss of a 16:0-fatty
acid substituent as a ketene and as an acid, respectively,
and the ions at m/z 483 and 465, arising from the
analogous losses of an 18:3-fatty acid substituent.
The ion at m/z 505 is more abundant than m/z 483, and
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Figure 3. The product-ion spectrum of the ion
instrument. Panel (c) is the IT MS2-spectrum
h18:3/316:1-PG structure. The presence of the
with the presence of a prominent ion at m/z 275,
in the MS3-spectrum of m/z 293 (757 ¡ 293) (d).the ion at m/z 487 is also more abundant than the ion at
m/z 465, indicating that the 16:0- and 18:3-fatty acid
substituents are located at sn-2 and sn-1, respectively,
consistent with the observation of a greater abundance
of the ion at m/z 255 than the ion at m/z 277.
The structural assignment is further supported by the
MS2 product-ion spectrum obtained with an IT MS
(Figure 3b), in which the differential formation of the
above fragment ions also can be seen. The spectrum
also features the greater prominence of the ion at m/z
413 (487 – 74), arising from loss of C3H6O2 from m/z 487,
as compared with the ion at m/z 391 (465 – 74), arising
from further loss of C3H6O2 from m/z 465.
The assignment of the 18:2/316:1-PG structure is
supported by the presence of the ion at m/z 507 (Figure 3a
and b), corresponding to loss of the 16:1-fatty acid
substituent as a ketene. This ion is most prominent in
the product-ion spectrum obtained with an ion trap
(Figure 3b), but the ion at m/z 489, arising from loss of
the 16:1-fatty acid substituent as an acid, is of low
abundance, suggesting that the 16:1-fatty acid substitu-
ent is 3-trans-hexadecenoic acid, the unusual fatty acid
attached to the sn-2 position of PG found in plant
chloroplasts. The assignment of the 18:2/316:1-PG
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higher abundance of the ion at m/z 279 than the ion at
m/z 253 (Figure 3a), similar to the profile seen for the
16:0/316:1-PG (Figure 2b) and 18:3/316:1-PG (Figure
2f), which contain the 316:1-fatty acid substituent at
sn-2.
Identification of PG Species Containing
316:1-Fatty Acid Substituent Via Constant
Neutral Loss (CNL) Scanning
As seen earlier, the product-ion spectra of PG contain-
ing the 316:1-fatty acid substituent at sn-2 are domi-
nated by the [M – H – 236] ion, arising from neutral
loss of the 316:1-fatty acyl substituent as a ketene, and
the [M – H – 254] ion, arising from neutral loss of the
316:1-fatty acyl substituent as an acid, is of low abun-
dance. As shown in Figure 1c, the spectrum acquired
from CNL scanning of 236 of the lipid extract is similar
to the full scan (Figure 1a and b), but only peaks from
PGs that consist of 316:1-fatty acid are observed. The
spectrum clearly demonstrates that the PG species from
plant chloroplasts mainly contain a 316:1-fatty acid
substituent, consistent with the results from the struc-
tural analysis of the individual ions from product-ion
spectra (Table 1). In contrast, the signals of the similar
ions in the spectrum acquired from CNL scanning of
254 (see Supplementary Material section, which can be
found in the electronic version of this article) are weak,
and the intensity of the ion at m/z 741, for example, is
2% than that seen in Figure 1c. This drastic change in
the relative sensitivity between the spectra obtained
from CNL scannings of 236 and of 254 provides distinc-
tion of the 316:1-fatty acid bearing PG from, for
example, 916:1-bearing PGs, which also undergo sim-
ilar neutral losses (i.e., CNL of 254 and 236), but in a
different manner. Therefore, tandem quadrupole mass
spectrometry with CNL scanning of 236, in combination
with CNL scanning of 254 that confirms that the species
indeed contains 316:1-fatty acid, provides a useful
means for sensitive detection of PG species containing a
316:1-fatty acid substituent in mixtures.
In Figure 1c, an ion at m/z 757 is also present,
suggesting that the ion may arise from a PG containing
a 316:1-fatty acid substituent, probably a hydroxylated
18:3/316:1-PG. This structural assignment is based on
the finding that the profile of the IT MS2-spectrum of
the ion at m/z 757 (Figure 3c), is similar to that shown in
Figure 2d, supporting the presence of a 316:1-fatty acid
substituent. The ion at m/z 293 may represent a hy-
droxylated 18:3-fatty acid (h18:3) substituent. This spec-
ulation is based on the notion that the ion at m/z 275
(293 – H2O), arising from loss of H2O is the predomi-
nant ion in the IT MS3-spectrum of 293 (757 ¡ 293)
(Figure 3d) [27]. The presence of the ion at m/z 429 (503 –
74), arising from m/z 503 by loss C3H6O2 and the
presence of the ion at m/z 739, arising from a water loss
from 757 (Figure 3c) are also consistent with the pres-ence of a hydroxylated 18:3-fatty acid residue in the
molecule. However, further study is necessary to sup-
port the assigned structure and to confirm that the
compound is indeed in the PG mixture.
Conclusions
The fragmentation processes observed for the PG species
bearing a 316:1-fatty acid at sn-2 are consistent with the
mechanisms previously proposed by us [22, 25, 26]. These
PG species are readily distinguishable from other species
in this phospholipid class by their unique low-energy
tandemmass spectra from the [M – H] ion, in which the
fragment ion reflecting loss of the 316:1-fatty acid as a
ketene (i.e., the [M – H – 236]) is prominent due to the
labile nature of the -hydrogen of 316:1-fatty acid
substituent. Recently, Moe et al. [28] and Thomas et al.
[29] described ESI tandem mass spectrometric methods
for location of the olefinic sites of phospholipids, fol-
lowing conversion to their 1,2-dihydroxy derivatives
by OsO4 [28] or on-line ozonolysis of double bonds to
yield both a terminal oxoalkanoyl and a terminal C-
hydroperoxy, C-methoxy alkanoyl radyl containing
phospholipid anions [29]. These approaches are
straightforward and should be useful, in particular, for
locating the double-bond(s) of the fatty acid substitu-
ents from various isomers.
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